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The airfoil oscillates about an axis at 25% chord from the leading edge,
with a nominal reduced frequency of 0.3 and Reynolds number of 300,000, -The
g}perlments were made at 4 to 14, 5 to 15, 6 to 16 and 8 to ?8 degrees angle
of attack . It was found that the most probable cause of leading edge stall
was due to the leading edge separation bubble burst and it occured soon
after static stall limit was exceeded. The leading edge stall is not due to

the rapid upstream movement of the trailing edge separation.

The velocity vectors and the Reynolds stress tensors were measured using
a slanted rotating single sensor hot-wire. The complete suction side
boundary layer profile and the near wake was éurveyed at 5 to 15 degrees
oscillation where no interaction is observed between the leading edge and
the trailing edge flows.

In addition experiments were made at 8 to 18 degrees, at full stall
condition. The flow near the trailing edge and in the near wake was
surveyed to study the effect of leading edge stall and leading edge vortex

on the flow in this region which was not investigated previously.
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ABSTRACT

The objectives of this investigation were to identify: (1) the
conditions under which a sinusoidally oscillating NACA 0012 airfoil operates
with a leading edge separation bubble; (ii) the conditions under which it
operates with leading edge stall; (iii) to conduct complete boundary layer
and near wake survey in the presence of the leading edge separation bubble
and (iv) to investigate the flow near the trailing edge and in the near wake
while the airfoil was undergoing leading edge stall.

The airfoil oscillates about an axis at 25% chord from the leading edge,
with a nominal reduced frequency of 0.3 and Reynolds number of 300,000. The
experiments were made at 4 to 14, 5 to 15, 6 to 16 and 8 to 18 degrees angle
of attack . It was found that the most probable cause of leading edge stall
was due to the leading edge separation bubble burst and it occured soon
after static stall limit was exceeded. The leading edge stall is not due to

the rapid upstream movement of the trailing edge separation.

The velocity vectors and the Reynolds sti‘ess tensors were measured using
a slanted rotating single sensor hot-wire. The complete suction side
boundary layer profile and the near wake was surveyed at 5 to 15 degrees
oscillation where no interaction is observed between the leading edge and

the trailing edge flows.

In addition experiments were made at 8 to 18 degrees, at full stall
condition. The flow near the ¢trailing edge and in the near wake was
surveyed to study the effect of leading edge stall and leading edge vortex
on the flow in this region which was not investigated previously.




1.INTRODUCTION

Rapid advances in the capacity of computers and the develooment of
numerical methods to solve the full Navier-Stokes equations have pushed the
computation of unsteady flows far ahead of the existing experimental data,
with which the computed results could be validated. Most of the previous
experiments on unsteady flow past airfoils were either of a qualitative
nature (flow-visualization) or were aimed at finding the overall effect of
the flow at the boundary (pressure coefficient, pitching moment coefficient,
normal force coefficient etc. on airfoils).

Extensive measurements of mean velocity vectors and Reynolds stress
tensors in the 2-dimensicnal unsteady boundary layer over an oscillating
airfoil and in the wake behind the airfoll were carried out by De Ruyck and
Hirseh [1-6], wusing a slanted single sensor hot-wire. The method has been
quite sucéessful in mapping the flow in the {nvestigated region, giving a
clear picture of the flow, including flow reversal and vortex formation.
These experiments were conducted using an NACA 0012 airfoil with a tripplné
wire to promote transition of the boundary layer.

The present experiments are the extensions of the measurements conducted
by De Ruyck and Hirsch [(1-6]. The present experiments were conducted
without the tripping wire, to take a closer look at the formation of the
leading edge separation bubble and the events leading to the turbulent
separation downstream of the bubble. The measurements near the trailing
edge and {n the wake of the airfoil were conducted with and without the
tripping wires. These experiments were expected to throw new light on the
Unsteady Kutta'Condition for airfoil operating under stalled condition.

These experiments will contribute to the data base needed for the
validation of solutions of the Navier~Stokes equations for unsteady flows
and turbulence modelling for these cases.




2.PREVIOUS WORK

Most of the previous works closely related to the unsteady flow over
pitching airfoil has been reviewed by De Ruyck and Hirsch [3]. A number of
excellent reviews were published by various authors on the subject of
unateady flows. McCroskey [7) carried out an extensive review of the
published research on unsteady flows. The investigations closely related to

the present experiments are reviewed here.

2.1 Unsteady Flow Over Airfoils and Separation Bubble

Martin et al [8] studied the dynamic stall behaviour of a pitching NACA
0012 airfoil section by correlating surface pressure signals, signals from
hot wires in close vicinity of the surface and smoke flow visualization
data. The presence of a separation bubble ahead of the turbulent separation
was noted but the interaction between these two could not be determined.
Enough evidences was not collected to determine how it leads to the leading
edge stall. The formation and shedding of a leading edge vortex was also
reported. ’

McCroskey et al [9] carried out experimental investigations on several
airfoil shapes in sinusoidal pitch oscillations. The type of stall was
reported to be dependent on the leading edge shape 'of the airfoil. The
mechanism of the leading edge stall of NASA 0012 airfoll was reported to be
due to the sudden breakdown of the flow downstream of the separation bubble
rather than bubble bursting.

Hydrogen bubble flow visualization for laminar flow past an oscillating
airfoil, reported by McAlister and Carr [10] showed large hysterisis effect
on the onset of reverse flow. McCroskey et al [11], McCroskey and Pucci
[12] 1investigated the dynaﬁic stall behaviour of several airfoil shapes in
sinusoidal pitching . Large hysteresis effect was observed in the fluid
dynamic forces and ﬁoments, when airfoils oscillate around its static stall
limit. It was concluded from these measurements that behaviour of airfoils
at stall onset and during light stall seemed to be strongly dependent on the
shape of the wing section. During deep dynamic stall a vortex like
structure forms near the leading edge suction surface and rolls over the
suction surface and the flow over the suction surface completely breaks
down. This vortex creates unusually large 1lift, moment and drag
coefficients. McAlister and Carr [10] produced well defined pictures of
this phenomena from their flow visualization experiments.
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Bass et al [13] conducted hydrogen bubble flow visualization in the
reduced frequency range of 0.5 to 10 and at various mean angle of attack and
pitch amplitude. In the reduced frequency range 0.55 to 0.81, on the
forward half of an NACA 16-012 airfoil a separation bubble was observed.
This separation bubble, under certain test conditions, extended over a large
portion 25% to 40% of the chord of the airfoil.

McCroskey et al [9,11] concluded that separation bubble burst causing
leading edge stall is observed 1in the profiles with sharp leading edge.
This mechanism is caused by the 1nability of the separation bubble to
reattach and spreading downstream to bring about complete breakdown of the
flow over the suction surface. In case of sections with rounded leading
edge 1like NACA 0012, the separation bubble grows in size at higher angle
incidence. As the angle of incidence increases a sudden breakdown of the
boundary layer occurs downstream of the turbulent reattachment point. This
turbulent separation point rapidly progresses upstream and immediately leads
to leading edge stall.

A complete boundary layer survey for distribution of mean velocity and
Reynolds stress tensor over an oscillating airfoil was reported by DeRuyck
and Hirsch [3,4,5,6]. The airfoil used was a 0.6 m chord and 0.34 m span
uncambered NACA 0012 section with tripping wires at 0.1C. Experiments were
conducted at reduced frequencies 0.48 and 0.3 and the Reynolds numbers were
178,000 and 300,000. The amplitude of the pitching oscillations was fixed
at S5 degrees and mean angles of incidence were varied between 10 to 15
degrees. In case of separated flows, the reported Reynolds stresses
measured were considerably higher than those for a flat plate. Formation of
two leading edge vortices were reported and a close similarity with computed
results of Mehta [14] was noted although Mehta's calculations were carried
out for lower Reynolds number.

The effect of oscillating'rree-stream on a separation bubble formed over
a Wortmann airfoil was examined by Brendel and Mueller [15). At a Reynolds
number of 100,000 the separation bubble extended from 33% to 62% of the
chord, both in steady as well as in the unsteady flow. However it was found
that the separated region becomes thinner due to the unsteadiness {n the
flow, the proximity of the separated shear layer to the wall has a large
effect on the stability of the flow downstream of the reattachment.

A review of turbulent flow reattachment was published by Eaton and
Johnston {[16]. Need of more research on this subject was pointed out by the
authors.

Serpa, Lessmann and Hagist [17] studied the flow in a two-dimensional
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separated an¢ reattached bubble formed over a curved surface. Significant
surface pressure variation was observed ahead of the mean separatfon point
accompanied by large pressure fluctuation. Large fluctuations in the
surface pressure were also observed near the ﬁean reattachment point. The
displacement, momentum and energy thicknesses show an increase through the
separation bubble. The displacement thickness peaks near the reattachment
point but the momentum and energy thicknesses form a plateau near the middle
of the separation bubble.

The characteristics 6f a turbulent separating flow created over a flat
plate by 1imposing an external adverse pressure gradient was reported by
Simpson, Chew and Shivaprasad [18,19] and Shiloh, Shivaprasad and Simpson
[20]. Effects of periodic free-stream unsteadiness on this separation layer
was later reported by Simpson, Chew and Shivaprasad [21], which has
relevance to the trailing edge separation in an unsteady flow.

2.2 Unsteady Kutta - Condition and the Wake

Satyanarayana and Davis [22] carried out wall static pressure
measurements near the trailing edge of an oscillating NACA 64A010 airfoil
operating at various fiequencies and in unstalled condition. It was
concluded from these experiments that application of the Kutta-Joukowsky
condition on the flow over an unstalled sinusoidally oscillating airfoil is
valid below the reduced frequency of 0.6. At higher reduced frequency the
steady Kutta condition predicts lower pressure differencial and this error
increases with frequency.

The unsteady Kutta condition for high reduced frequency, periodic
disturbances, sudden change in airfoil incidence and sharp edged gust were
investigated by Basu and Hancock [23]) for inviscid flow condition. They
pointed out that each individual case needs its own consistent unsteady
Kutta condition. A general numerical model was outlined using the Geising
and Maskell trailing edge condition (23], which can be described as follows.
In case of a steady flow past a 1ifting airfoil with sharp trailing edge the
pressure difference between the surfaces at the stagnation point becomes
zero. This in effect makes the stagnation streamline to leave the airfoil
along the bisector of the wedge angle. However, in case of unsteady flows,
the steady Kutta condition would prediét the pressures not to approach the
same value, due to the rate of change of circulation associated with the
lifting airfoil. This would leave the flow with a non-physical bdehaviour
and the Geising and Maskell trailing edge condition astates that the
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stagnation streamline at the trailing edge will be tangential to the
pressure surface for positive (anticlockwise) shed vorticity and to the
sucttion surface in the opposite case.

Bass et al [14] from their hydrogen bubble flow visualization reported
that unsteady Kutta condition was violated for many incidences when trailing
edge separation occurs. The violation was due to the reverse flow on the
suction surface near the trailing edge. It was also reported [14] that
introducing a phase lag into the circulation function provides better
agreement between theory and experiment.

Poling and Telionis [24] experimentally investigated the unsteady Kutta
condition for a NACA 0012 airfoll using LDA and concluded that the condition
proposed by Geising and Maskell is valid for high reduced frequencies. The
flow visualization carried out by Poling and Telionis [25] at the trailing
edge of a pitching airfoil also supports the Geising and Maskell trailing
edge condition provided the rate of change of circulation (of the bound
vortex) is far from zero. It was reported that there 1is indication of
violation of the condition of zero loading at the trailing edge, however
this condition does not extend beyond 3% chord downstream of the trailing
edge [24].

Ho and Chen [26,27] reported measurements carried out near the trailing
edge of a plitehing airfoil over a reduced frequency range of 0 to 1 using
x-wires. Except for the time mean streamwise velocity profiles no other
profile attained self similarity within the measurement distance of 1 chord
length downstream from the trailing edge. At reduced frequency cf less than
0.51 and angle of attack less than 7.5 degrees, the unsteady Kutta condition
was found to be valid.

Measurements reported by DeRuyck and Hirsch [(1,2] in the wake of a
pitching NACA 0012 airfoil were made at the Reynolds number of 300,000, at
various reduced frequencies between 0 to 1.2 and at various amplitude of
oscillations. The boundary layer on the airfoll was tripped with tripping
wires fixed at 10% chord. The test cases extended to a lightly stalled
case. The 1influence of oscillation was found to be important only at high
amplitudes. At high frequency large values of turbulence were observed
close to the tralling edge. A strong phase shift in the turbulent responses
were also reported.

In summary the general picture which emerges is that:-
(1) The mean and the turbulent quantities measured in the flowfield of an




oscillating airfoil are not yet complete for validation of analytical methods.
(11) The extent and duration of the leading edge separation bubble is not

yet fully investigated.

(111) The extent of trailing edge separation and the effect of the leading
edge separation bubble on the trailing edge separation under the influence

of unsteadiness is not yet known.

(iv) The effect of separation bubble on unsteady Kutta condition,

(v) the effect of leading edge stall on the unsteady Kutta condition

and

(vi) the effect of deep dynamic stall on the wake parameters

require further investigation.

The aim of the present investigation is to collect data so that some of

the gaps in the knowledge mentioned above can be examined.
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3. PRESENT CONTRIBUTTON

The present experiments were conducted on the airfoil of De Ruyck and
Hirsch [1-6]. On this airfoil wake experiments were made with a fixed
probe, ana boundary layer experiments with a probe mounted on the airfoil
(figure 3.1). These set-ups did not provide investigations close to the
leading edge and around the trailing edge, although these areas are of

primary interest.

The present experiments were conducted by adding two end plates on which
a probe can be mounted, allowing experiments anywhere around the airfoil
(figure 3.2). An important consequence of these end-plates is to minimize
the effect of aspect ratio and of tipvortices. A large number of chordwise
stations were clustered near the leading edge to study the separation bubble

and near the trailing edge to investigate the trailling edge separation.

3.1 Separation Bubble and Leading Edge Stall

In a first step a fixed hot wire was mounted close to the wall (1.5 mm)
at different chordwise locaticns and at angles of attack oscillating between
4 to 14, 5 to 15, 6 to 16 and 8 to 18 degrees. Static pressure taps were
added in the leading edge stations. The obtained hot wire and pressure
signals were used to identify the conditions under which a separation bubble
and leading edge stall occur. Leading edge bubbles were observed at 4 to 14

and 5 to 15 degrees, which burst at higher angles of attack.

For the 5 to 15 degrees test case, boundary layer profiles were measured
(lmm to 7 mm from the wall). Due to the very small size of the boundary
layer, these experiments were conducted with a single, non-rotating wire.

Returning flows could be detected from the hot wire signals.

3.2 Boundary Layer and Wake

For the same 5 to 15 degrees test case, the measurement of the velocity
vector and the Reynolds stresses has been performed over the whole boundary
lyer and near wake, with emphasis on 1leading edge and very near wake.
Slight trailing edge separations are obaserved.

In addition to the boundary layer experiments of De Ruyck and Hirsch
[4,5,6]), the experiments were conducted in the very near wake with the
airfoil in deep periodic separation (8 to 18 degrees). This experiment |is

A




seen as a complement of the 8 to 18 degrees investigation (with tripping
wire) discussed in [4,5,6]. No significant difference was observed except
when the airfoil 1{is deeply stalled. During deep stall the flow at the
trailing edge is found to be separated over a larger portion of the chord in
(4,5,6]1 and there appears to be a phase lag in the flow near the trailing
sdge. The tip clearance in [4,5,6] was less than 5% chord and the tip
vortices were expected to be much weaker than that of a free 1.56 aspect
ratio airfoil., The blockage effect due to the model with the end-plates is
discussed in section 5.3.
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4 . EXPERIMENTAL SETUP

4.1 Wind Tunnel, Airfoil and the Oscillating Mechanism.

The experiments were conducted in an open-circuit blow-down wind tunnel
in the Department of Fluid Mechanics of VUB, Brussels. The cross section of
the test-section is 1m x 2m, and the tests were conducted at the nominal
wind speed of 11.32 m/s and the free stream turbulence intensity less than
0.2 %.

The test model consisted of an airfoil and two end plates (figure 3.2).
It was oscillated by an asynchronuous motor driving a crank and connecting
rod through a reduction gear box. The period of oscillation was accurately
measured and found to be 0.542 seconds. The airfoil 1s a NACA 0012 airfoil
section with 60.4 cm chord and 94 cm spén. The lower end plate served as a
platform to mount the traverse mechanism. The relevant dimensions and the
arrangement of the model and the ovscillating mechanism are shown 4in Figure
u,1, The reduced frequency and the Reynolds number based on the chord of
the airfoil and the nominal wind speed were 0,309 and 300,000 respectively.

The profile shape near the leading edge was accurately measured close ﬁo
the mid span. The largest deviation of the profile from the standard NACA
0012 profile was found to be less than 0.01% chord. The result of the

measurements are given in Appendix 1.

4.2 Traverse Mechanism.

The mechanism to traverse and rotate the slanted single sensor hot-wire
is shown schematically in Figure &.1, The mechanism was designed for
lightness, stiffness and low disturbance. The bulk of the volume was kept
away from the region of investigation and as close to the clamping position
as possible. The step motor Z rotates the probe about its axis and takes u8
steps to complete a full revolution. The step motor Y, which changes the
distance of the sensor from the airroii surface, moves the linear actuator
by 0.0254 mm in each step. The linear motion of the sensor from the airfoil
surface (along an arc, tovbe exact) depends on the distance of the sensor
from pivot point A, retainer clamping position (of sleeve C) on the probe
support, and inclination of the probe support with the span of the airfoil.
The resolution on the sensor position from the wall was 0.08 mm or less for
one step. The rotation of the probe and the distance of the sensor from the
airfoil surface during the experiments were controlled by the acquisition
system (Macintosh Computer). The chordwise position was changed manually by

- 12 -
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moving the base of the traverse mechanism.

4.3 Probes, Transducers and Anemometer.

A 45° slanted single sensor hot-wire was used for all the velocity and
turbulence measurements. The particular type of sensor used was DANTEC gold
plated hot-wire type 55P02. The 1.25 mm long sensor had 0.005 mm diameter.
The probe was connected to a DANTEC constant temperature anemometer (CTA).
The output of the CTA was given a known constant offset, so that an optimum
level of sensitivity of the digital converter (TEK 2430A Oscilloscope) could
be utilized, before digitizing.

The periodic sampling was tfiggered by a pressure transducer for the
cases where a sharp change of wall pressure signal was available (during
test cases when leading edge stall occurs). The triggering of the periodic
sampling was accomplished by an opticél device when pressure signal was
erratic or insufficient. The stations used for the leading  edge
investigations are 1listed in appendix 2, where (p) indicates the stations
where pressure taps were drilled and 8 cm long | mm diameter stainless steel
tubes were installed to be connected to the pressure transducer, The
pressure taps were drilled 24 mm away (spanwise) from the traverse position.
The hot-wire was always positioned with the plane of the prongé
perpendicular to the airfoil surface.

4.4 Controllers and Acquisition System.

The arrangement of the data acquisition system {s shown schematically in
Figure 4,2. A PC (Apple-Macintosh Plus) acts as the principal controller to
coordinate the actions of the step motor controller and the TEK 2430A
Digital Oscilloscope.

The PC asks the step motor controller to place the probe in a certaln
position (rotational as well as linear). When the action is completed, the
computer sets the oscilloscope in the required acquisition mode and starts
the acquisition of 100 hot wire and pressure transduces periodic signals
(542 samples/cycle). At the end of the acquisition the computer collects
the data, performs é periodic averaging and stores the periodic averages and
their r.m.s. values on disc (in volt). The reference values needed for
fouling'and temperature corrections of the hot-wire sensor (section 5.2) are
saved as values averaged over 64 acquisition cynles.

For the leading edge bubble measurements, the original time signals are

-1y -




Probe ﬁ Airfoil

7
1

1
Li.ne/ar motor , /

/
/

/" Rotatirlg motor \\
7

\
\

\

\

j\Pressure transducer

\ Connecting rod

A

\L
7 1\ Upottam

/ \  end plate \

\

\

\
Slante?d hot-wire

\

'
\

Optical trirger
\

Transducgr
bridge
amplifie

Amplifien

Stepper motor] Anemcmeter
controller bridge
Offset
Principal GPIB interface
controller
Hard disc

Digital oscilloscope

Figure 4,2 : Data acquisition

- 15 =




saved, without periodic averaging. The volume of data to be analysed were
relatively small.

The final data processing was carried out on an Apollo work-station,
where the mean and r.m.3. voltages are tranformed into velocities, from
which two mean velocity eompénents and four non-zero Reynolds stresses are
computed. The techniques used to obtain these data are given in section 5.1
and section 5.2.
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5. MEASUREMENT TECHNIQUE

5.1 Detection of Separation Bubble and Leading Edge Stall

Since the separation bubble exists in a very thin region close to the
solid surface and the effect of unsteady flow {s to make {t thinner [15],
the rotating single slanted hot-wire technique could not be used to
investigate the separation bubble. A combined analysis of pressure signals
and fixed hot-wire signals was used to ldentify the duration for which a
station was in the separation region, The signals contain 542 data points
per period, and are ensemble averaged éver 100 periods.

Figure 5.1 shows a sample of ensemble averaged traces, with the
corresponding rms values over approximately 2 cycles of oscillation. These
rms values of pressure and hot wire signal are used to detect the transition
and the high turbulence areas. Since the normal velocities are very small
that close to the wall, the averaged single wire signal can be used to
estimate the velocity. Although the flow direction cannot be determined
without ambiguity, these signals allow to determine the reversed flow areas

and the data on figure 5.1 can be interpreted as follows.

The period between A and B is a significantly laminar flow period with
fluctuations in the hot-wire signal less than the resolution of the digital
oscilloscope setting. The fluctuation in the pressure in this region is due
to drift in the amplifier used. At time B, the transition to turbulence
crosses the measuring station, while moving upstream, In reality the
transition 1is already upstream of it at time B, since the wire {s 1.5 mm
away from the wall. Indeed, slightly ahaed of B, a dip in the mean wall
pressure signal (pt,m) is observed, with a small peak in the pressure rms
(pt,f). From all the experiments, these dips appear to correspond with the
passage of a transition or separation point. From B to C, the transition
point moves further upstream, the boundary 1éyer is growing (decreasing
velocity, increasing turbulence). At point C there i{s an important drop in
the ensemble averaged hot-wire output to point D, accompanied by: (1)
slight increase {n the rms value of hot-wire signal, (i{i) a large reduction
in the ensemble averaged pressure signal and most important of all (iif)
sudden increase in the rms value of the pressure signal fluctuation. The
application of the high turbulence correction of De Ruyck [6] yields a
velocity quite close to zero at point D. The increase in the output between
point C and D indicates flow reversal (as will appear from the overall
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results,the flow is completely separated in the leading edge region, from D
to F). During this period rms values of hot-wire and pressure transducer
signal fluctuations remain high and the average value of pressure transducer
signal remain small. During the period between E and F, after correcting
for high turbulence the mean velocity was found to be negligibly small (same
ordér of magnitude as the turbulence, smaller than the turbulence in some
cases). During this period the rms values of pressure transducer signal was

about the half of the peak value.

The increase in the rms values between F and G is attributed to the cycle
to cycle variation, since the reattachment time was observed not to be
perfectly periodic (from the oscilloscope). Since the rate of change of
velocity 1is large at this time, about 10% to 50% of the measured turbulence
is due to the cycle to cycle variation of events. At other times this
effect is negligible.

Figure 5.2 shows élearly the detection of a separatfon bubble at 5 to 15
degrees anéle of attack, at 3.5% chord from the leading edge. The traaces
are taken at different distances from the wall. At the distancé 1 mm from
the surface of the airfoil, during the period A to B a laminar flow is
observed. The output of hot-wire suddenly reduces during the period from B
to C accompnied by an increase in the rms value. After turbulence
correction, the velocity at C yields a value close to zero. This indicates
that the separation point has crossed the position of the sensor and moved
upstream of it. The sensor remains in the separated region from C to D
where the backflow velocity first increases then falls to the near zero
velocity value. Between D and E the velocity sharply increases and rms
value reduces to zero, indicating that the separation point has moved
downstream of the sensor. The output at 1.5 mm from the surface is similar
to that at 1! mm in many respect. A laminar portion from F to G, sharp drop
during G to H and a sharp increase in velocity between I to J. However,
between H and I the flow is turbulent and the velocity {s near zero, during
this time the sensor is in the free shear layer formed on the top of the
reverse [flow region. At 2.5 mm away from the surface only a slight
reduction in the mean velocity along with increase in turbulence was
observed near the point L. This indicates that the sensor during this time
was at the outer edge of the shear layer. A near perfect sinusoidal
variation of the output s observed at the position 3.5 mm away from the
airfoil surface, slight turbulence which appears near M is probably caused
by the cycle to cycle varlation of the separation. In conclusion, the two
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Average, 5-15 Pitching, X/C= 3. 46%
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Time, mil]lieeconds

Figure 5.2 Sample of Fixed Hot-Wire Output at Various Transverse Positions
The four upper curves are ensemble average, the lower curves
represent rms values.

The outer curve is in the correct position, the other figures
are shifted towards each other by 0.4 volts each.
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dips in the lowest signal correspond to flow reversals, revealing the
presence of the bubble with a thickness of approximately 1.5 mm,

Figure 5.3 shows the variation of velocity and turbulence calculated by
the method described above, against phase angle for 5-15 degrees oscillation
{(phase angle zero coincides with the mean angle of incidence at 1increasing
incidence). These are the quantities measured at a constant height 1.5 mm
(0.25% chord) from the airfoil surface but at uifferent chordwise positions.
The mean velocity variation at 1.94% chord from the airfoil shows a
sinusoidal variation with very smail turbulence (of the order of the
uncertainty involved, see section 5.3), indicating that neither separation
nor turbulence ever invades this position. The variation of velocity and
turbulence at 3.46% chord indicates that for more than half the time of
oscillation the sensor is in the laminar flow region. A part of the time
near the maximum angle of incidence the sensor is in the shear layer above
the reverse flow region indicated by low velocity and high turbulence. At
the next two stations (4.24% and 5,03% chord) the flow is affected by the
separation bubdble for a longer duration, with flow reversal for a short
duration at 4.24% chord. The velocity variatfon at the two consecutive
positions (6.61% and 8.15% chord) shows a laminar portion followed by a
turbulent portion with a dip in the middle of the turbulent portion., The
turbulent portion indicates that the transition to turbulence takes place
upstream of the considered station (due to the separation bubble in this
particular case), and the dips indicate that the position was in the free
shear layer near the reattachment point, this is also indicated by a sudden
rise in the turbulence. As will become clear from the overall data (see
section 6.1), this low velocity corresponds with a tendency of the bubble to
burst, and the increase in bubble size reduces the velocity at this
location. The curves upto 15.4% chord show a laminar flow during the time
around the phase angle 300 degrees, though the duration of the laminar
portion reduces as the sensor is moved downstream, Downstream of 15.4%
chord no laminar portion could be found.

In some cases, a strong high frequency osci{llation in the ensemble
averaged velocity can be observed. All these oscillations observed in the
mean velocity curves are perfectly periodic, otherwise they would disappear
by the ensemble averaging. Hence, they do not correspond with turbulence
and they do not contribute to the turbulence as can be seen in the laminar
portions in the curves at 12.8% chord in figure 5.3. These oscillations are
due to vibrations of the sensor (and/or the wall) and the oscillations
period s 12 milliseconds. This is found to correspond with the vibrations
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caused by the gear box and they change the location of the wire inside the
boundary layer, giving rise to changes in local velocities. According to
the thickness of the boundary layer and the amplitude of the observed
vibrations, the amplitude of the vibration {s estimated at O0.! mm, which
cannot be avecided with the present construction. The oscillations become
evident only during the time when there is sharp velocity gradient in the
transverse direction, as in the free shear layer close to the separation
point (figure 5.3, in the part with sudden variation at 3.46%,4,24% and
5.03% chord) or in the laminar boundary layer (the laminar part in the curve
at 15.4% chord).

A clearer picture emerges from these curves if represented as isovelocity
lines and isoturbulence lines in a space-phase angle(or time) domain. These
results are presented in that manner in the next section for detection of
the separation bubble and the leading edge stall (figures 6.1 to 6.4). For
comparison with boundary layer measurements these data are also presented as
veloc!ity vectors parallel to the airfoil surface (true only in the close
proximity of the surface) and {soturbulence 1lines at various angles of
incidence (e and d, respectively in figures 6.5 to 6.20).

5.2 Measurements in the Boundary Layer and Near Wake

The hot-wire technique used for the measurements {s described in
reference [3] and is reproduced in Appendix 3. Ensemble averages were made
with 542 samples per period and 100 periods and 48 rotational positions.
The low number of periocds is compensated by the high amount of samples per
periods which allows some local time averaging. The ensemble averaging 1is
done {n real time, reducing considerably the required amount of mass
storage.

Since a complete boundary layer survey requires up to about 40 hours, it
was necessary to correct the results for any change in the hot-wire output
due to temperature change and fouling of the sensor. This was done by
measuring reference hot wire voltages at all the transverse (normal to the
chord and the span of the airfoil) positions before, during and after the
experiments (all automatic). Calibrations before and after each experiment
in general indicated no wire fouling and only temperature corrections were
made according to the changes {n reference voltages (data taken with foul
sensor are rejected along with the probe). The difference was
proportionately distributed over U8 angular positions. For the narrow range
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of temperature encountered during an experiment (18°C-26°C over the year,
about 2°C during one experiment), and for a constant velocity, a simple
linear temperature correction could be used.

The final calculations were performed off-llne in an Apollo work-station.
The 542 samples were reduced to 181 by conditional averaging to reduce
scatter, without reducing relevant events. For the deep stalled case 8 to
18 degrees, 8 point smoothing on the time signals was applied before

processing of the data, as described in the appendix.

5.3 Accuracy

The resolution in the chordwise position was 0.5 mm (0.08% chord). The
resolution in the transverse position was better than 0.08 mm (0.013%
chord). However, the amplitude of vibration of the probe was found to be
0.1 mm by wusing a piezo-electric accelerometer fixed near the tip of the
probe heclder. Therefore, the uncertainty in the transverse position is 0.1
mm (0.016% chord).

The freestream velocity in the test section with the model at zero angle
of incidence and without the model was measured using a pitot tube before
starting the experiments at different chordwise distances. Sufficiently
away from the model, the differences between these measurements and the

nominal speed were less than 1% of the nominal speed.

The resolution on the output voltage was 8 millivolts, with an B8-bit
acecuracy. When converted to velocity this amounts to about 1.3% of the
nominal wind speed. Therefore, this will be the maximum resolution in the
the mean velocity and in the turbulence for the techniques describded in
section 5.1. There was no linearization error involved because the data
were ensemble averaged after they were converted to velocity.

After correcting for temperature variations the error due to calibration
was made less than 1%. The drift due to fouling was kept below this level
by rejecting data and sensor If any sudden change in the reference reading
was observed.

Scatter on the results for unstalled conditions were in general very
small (less than 1% on all the results). In stalled conditions, important
scatter 1s observed, in particular on the turbulent shear stress. In this
region the random error in velocity varies between 1% and 5%, scatter on

normal stress profiles varies between 2% to 10% and for the turbulent shear
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stress the maximum scatter exceeds 15%.

The syatematic error for the ﬁeésurements of the stresses in high
turbulent conditions (above 10%) is increased by linearizations during the
processing of the data. These errors are estimated at 5 to 10%, and to 1 to
2% in unstalled conditions.

At reattachment, slight cycle to cycle changes are observed. Due to the
strong velocity changes at reattachment, the error introduced in the
corresponding turbulence quantities due to the cycle to cycle variation is
quite important (more then 50% increase in turbulence). At present no way
is found to correct the data for this problem.
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6. RESULTS AND DISCUSSION

All the measurements were performed at the nominal freestream velocity
of 11.32 m/s and at a period of oscillation of 0,542 second. The Reynolds
number based on chord was 300,000 and the reduced frequency was 0.309. In
the figures of this section the velocity vectors and turbulence intensities
are presented as fractions of nominal velocity and the Reynolds shear
stresses with negative sign as fractions of nominal dynamic pressure. The
distances are scaled equally and are presented as fraction of the chord.

6.1 Leading Edge Measurements

The results of the fixed wire data are shown on figures 6.1 to 6.4.
Velocities and turbulence intensities are plotted as isolines in a chordwise
distance-phase angle domain. Two series of results are shown : results at
a fixed distance of 1.5 mm from the wall and increasing angles af incidence
(figures 6.1 and 6.2) and results at a fixed incidence 5 to 15 degrees and
different distances from the wall (figures 6.3 and 6.4). In all cases,
eventual flow reversals have been detected and considered in the
representation of the data. The dark colors indicate the smallest
velocities and strongest turbulence. Returned flow areas are left blank for
contrast, indicating the bubble area. The laminar regions correspond with

the yellow areas in the tucbulence plots.

The events that occur on a plane parallel to the airfoil surface ar 1.5
mn and 4 to 14 degree oscillation are shown in figures 6.1a and 6.2a. At ug
chord a very low speed area (below 0.1 of the outer speed) and a small
reversed flow area (white area) were observed for a part of the oscillating
period when the angle of incidence was above 10 degrees (6.1a). Peak values
of turbulence (>25%) were observed at 5% chord around maximum incidence
(6.2a) which is just downstream of the low speed area (6.la). As will be
observed below, a larger reversed flow area ia present closer to the wall
(the separation bubble) and the dark area in figure 6.1a represents the
duration and the extent of the shear layer above thatvaeparation bubble.
Experiments at closer distances are necessary, preferably with sensors on
the surface, to determine the exact separation and reattachment positions.
It can be argued that the separation bubble extends from about 2% to 5%
chord at the maximum {incidence in this case. The turbulence reaches a
maximum around or just before the reattachment point and above the bubble.

This 4is 1in accordance with observations in [16]. The pressure rms values
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reach a maximum inside the separated area (figure 5.1,[17,28]). Downstream
of the separation bubble, on this plane, the velocity incréases up to 9¢
chord due to the recovering boundary layer. Downstream of this position (9%
chord) the velocity gradually reduces {r 1icating decelerating flow and
boundary layer growth. Arfter the lowest angle of attack (indicating a mild
phase lag of about. 10°) the transition occurs much more downstream, at
positions up to 20% distance from the leading edge, and nothing indicates
the presence of separation bubbles. A high turbulence (>15%) appears in the
transition area around 15% chord at 9 degrees incidence.

Figures 6.1 b and 6.2 b show the events at 5-15 degree oscillation, in
many respect these figures are similar to the ones at 4-14 degree with one
striking difference - a sudden enlargement of the 1low velocity region
downstream of the bubble immediately after the maximum incidence (6.1 b).
This indicates the onset of a bubble burst which can trigger the leading
edge separation as is clear from 6.1¢c and 6.1d. In figure 6.2 b turbulence
peaks are observed at the same time and place. It 1is also an onset of
asymmetry in the non-stalled results where in general no significant phase
lag is observed near leading edge. The burst onset clearly occurs at
decreasing angle of attack and it is probable that it would burst completely
if the angle of attack was kept above 14 to 15 degrees, which is around the
static stall angle. The laminar region in this case extends to about 15%
chord distance at the lowest angle of incidence, in this case also the
appearance of the high turbulence area near 15% chord was noticed around 9
degree incidence (6.2 b).

At higher angles of attack (6 to 16 and 8 to 18 degrees), a reversed flow
region extending to all the measurement stations appears (figures 6.1 ¢ and
6.1 d). This phenomenon appears near the 5% chord immediately after the
airfoil crosses 16 degrees incidence. For 6-16 degree oscillation (6.1 ¢),
the reverse flow is not seen upstream of 5% chord at 1.5 mm from the surface
(some black isolines are found), but it is clear that nearer to the airfoil
the reverse flow region will be found even upstream of 2% chord. The
reversed flow region then rapidly spreads in both upstream and downstream
directions from 5% chord position., For these two oscillations (6-16 and
8-18), 1less experimental stations are available. In particular no stations
are avallable between 2 and 5% chord distance from leading edge, and no
details are available in this area. From the figures 6.1 a and 6.1 b, it
can be assumed that measurements at all the stations shouh in appendix 2
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should reveal the presence of a bubble around 4% chord, which bursts into
leading edge separation. Hence, the leading edge separation is not due to
interactions with thé trailing edge separation, in contradiction to
observations from [9,11]. It can be seen that the slopes of the lines
dividing the reverse flow from the forward flow region are positive
downstream of 5% chord (6.1c,d). The dividing lines on the left side of the
figures downstream of 5% chord is the reattachment line. Therefore, the
reattachment point rapidly moves downstream as phase angle increases and
cause leading edge separation. Only a negative slope of this line will
indicate rapid movement upstream of a downstream separation point, which was
not the case.

At 6-16 degrees oscillation the low velocity region near 5% chord never
disappeared (6.1 ¢), at 8-18 degrees oscillation a low velocity region
appears at 7% chord at around 17 degrees in the decreasing incidence stroke
(6.1 d). As the incidence reduces below 11 degrees the separation point
rapidly moves downstream from leading towards trailing edge. The high
turbulence areas (>25%) in these two cases appear in the separated region
(6.2 d) and during the reattachment (6.2 ¢, 6.2 d). The portion of the
leading edge that remains laminar again becomes largest slightly after the
minimum incidence. The laminar portion reduces to 13% chord for 6-16
degrees (6.2 c¢) and to 10% for 8-18% degrees (6.2 d). The high turbulence

(>15%) areas around 15% chord are again evident around 9 degrees incidence.

The figures 6.3 and 6.4 show the results of measurements at various
distances from the airfoil surface at 5-15 degrees oscillation, At ! mm
distance (6.3 a) more than 2% of the chord (ahead of 3% up to 5%) shows a
reversed flow. At 1.5 mm distance the region appears as a low forward
velocity region (6.3 b5 but at 2.5 mm only a sharp velocity gradient |is
observed (6.3 c). When looking at the turbulence intensity plot (6.4) high
turbulence intensity (>25%) is more extended at 1.5 mm (6.4 b) than {n the
rest of the plots. A3 highest turbulence occurs in the free shear layer
above the separation bubble it is reasonable to assume that the maximum
thickness of the separation bubble 1is about 1.5 mm. A high turbulence
intensity (>15%) and relatively low velocity (20% of the outer velocity)
region 1s seén at 8 degree incidence near 13% chord for measurements at 1| mm
from the surface (6.3 a, 6.4 b). For measurement at 1.5 mm (6.1 b, 6.2 b,
6.3 b and 6.4 b) these high turbulence intensity and low velocity are
detected near 15% chord and at 2.5 mm it was not detected up to the distance
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of 16% chord.

The highest turbulence intensity encountered at U-14 degrees and 5-15
degrees incidence cases were 36% of the nominal velocity. If the value of
the turvulence intensity is expressed as a fraction of the.highest velocity
encountered for the particular case, this value reduces to less than 20% and
is comparable to the values reviewed in reference [16]. As discussed
earlier, the high values observed for the cases with complete flow reversal
(more than 45% of the nominal velocity) are partly due to the contribution
of cycle to cycle variations at reattachment.

In conclusion it seems that the leading edge stall is triggered by the
burst of the leading edge bubble, after which the complete flow pattern is
changed. When periodic stall {s present, the separation starts not at the
leading>edge. but at about U4% chord distance from it, with rapid propagation
in both directions. The reattachment occurs through a rapid downstream
motion of the separation point. In the absence of separation bubble, the
location of the area of transition to turbulence varies considerably with
incidence. The use of sensors on the surface can indicate the the exact
location and the movement of the transition point. The present results are
further anualysed below, In conjunction with Vexperiments over the whole
airfofl.
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6.2 Boundary Layer Experiments

The test case 5 to 15 degrees has been selected for a deeper analysis,
since it 1is the limii before deep separation. Measurements have been made
with the rotating hot wire at 23 stations from leading edge to near wake.
These stations are listed in appendix 3. The minimum distance from the wall
is 2 mm, which is outside of the bubﬁle. Overall results and results
obtained near 1leading edge are shown in the figures 6.5 to 6.17. This
series contains some relevant time steps amongst the 181 available onés. In
all these figures (6.5 to 6.20) the overall velocity'field is shown in (a),
chordwise turbulence intensity is shown in (b) and Reynolds shear streas 1is
shown in (c), with two stations deleted near leading edge and two stations
deleted near the trailing edge, for more clarity. In conjunction, the
velocities and turbulence intensities obtained with the fixed wire are shown
in (d) and (e) respectively. The figures (f) and (g) show the corresponding
chordwise turbulence inteﬁsity and Reynolds shear stresses respectively at
all the stations near the leading edge.

The series of figures starts at increasing angle of attack (6.5), when
the transition is found around 13% chord from leading edge (6.5 ¢, f). As
the angle of attack increases (6.6 and 6.7), a low speed area can be
observed close to the wall near 12% chord from the leading edge from fixed
wire measurements (6.6 e and 6.7 e). A high turbulence level in the shear
layer above this low velocity region is observed (6.6 and 6.7). The
decrease in velocity in the inner layer could not be reached by the rotating
wire. There may be a bubble close to the wall, as discussed in section 6.1.
The maximum values of turbulence intensity and shear stress in figures 6.6
and 6.7 appear near the leading edge rather than in the wake, which was
opposite at lower incidence (6.5). Downstream of 25% chord the boundary
layer recovers rapidly. The 1low speed area disappears and another one
appears around 5% chord at 9 degrees angle of attack (6.8). At 10 degrees
(6.9) this 1low speed area is increasing, with a very thin but highly
turbulent shear layer above it. Unfortunately the rotating wire reaches
only the outer part of this layer and only a small portion of the
corresponding stress {s observed. The {increasing incidence wmakes the
separation bubble thicker and 1t was possible to detect the turbulent
quantities by the rotating wire in more of the upstream stations. At 9
degrees incidence (6.8) the fixed wire measurement shows 10f turbulence near
7% chord, the rotating wire measurement also shows an increase in turbulence
intensity and Reynolds shear at the station near 8% chordwise position.
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This upstream movement of the transition point near the leading edge (d, f
and g) 13 evident in all the figures starting from 6.5 to 6.15, after which
the transition point gradually moves downstream. At 10 degrees incidence
(6.9) small values of Reynolds shear stress are measured at 5.7% chord
position. Around the same incidence the fixed wire at ! mm from the surface
at Uf chord shows the presence of the leading edge separation butrble (6.3
a). Therefore, the rotating wire is measuring the turbulence quantities in
the free shear layer when it is just becoming turbulent. Rapid increase in
Reynolds shear stress as well as chordwise turbulence intensity with the
increasing incidence at 5.7% chord could be observed till maximum incidence
time (6.9 to 6.14). The Reynolds shear stress at the stations downstream of
10% chord for the same figures does not increase considerably. However,
growth of the turbulent layer is evident in all the stations downstream of
5% chord. This growth can be attributed to the large coherent structures
present at the reattachment of the separation bubble. The large values of
Reynolds shear stress are the effect of the large velocity gradients in the
free shear layer over the separation bubble.

When the incidence decreases from the maximum value of 15 degrees a
tendency towards bubble burst was observed (figure 6.3). In the
corresponding figure {(figure 6.15, between 5% to 10% chord) the rotating
wire detects a decrease of allthe turbulent quantities towards the wall.
This region roughly coincldes with the elongated dark portion in figure 6.3
b. The Reynolds shear stress measured at 5.7% chord nearest to the surface
(2 mm) even shows a negative value as in figure 6.15 g (note that the values
plotted are minus the Reynolds stresses). The situation at this point is
very close to separation (bubble bursting). The negative Reynolds stresses
observed from the rotating wire data, indicate a negative turbulence
production : although the reliability of this result {s poor in such
extreme situations, it 1s systematically observed at separation in the
earlier experiments of De Ruyck and Hirsch [5,6] and it may be an indication
of stall onset., At this time it can be seen that the trailing edge flow is
separated up to about 80% chord, which is too far to cause the leading edge
bubble to burst, hence the leading edge stall onset {s not affected by
trailing edge separation in this particular case.

Further decrease in incidence below 13 degrees reduces this tendency of
bubble bursting and typical transition behaviour is again observed (figures
6.16 to 6.,20). Apart from slight phase lag, the reducing angle of incidence
brings about the same series of events in the reverse of what was seen
during the increasing incidence. The turbulent boundary layer becomes
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thinner, the turbulent quantities gradually reduce i{n value and become zero
station after station starting with 5.7% chord station. At the 1lowest
incidence (5 degrees) the turbulent transition can be seen only at stations

downstream of 15% chord.

For comparison, the results just presented can be compared with similar
data from De Ruyck and Hirsch {5,6] (figures 6.21 and 6.22). The results
reproduced were obtained from the same airfoll, but with a tripping wire and
without end-plates. During these experiments it was observed that in case
of deep stall (rrom.7 to 17 degrees, not shown) the leading edge separation
grows and separates. At angles of attack just below the dynamic stall
limit, this leading edge vortex may be present, but it disappears after some

time.
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i= 8.14 degr. f=338.12 degr.
(a)
(b)
(c) ~
p—— .
+
Figure 6.5 : 5° to 15° incldence, k = 0.3
(a) velocity vectors scale : — Q
(b) chordwise fluctuations Yu':/Q scale : — 10% Q
scale : — 1% Q?

(c) - Reynolds stress

u'v‘/Q’
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i= 7,36 degr. f=328,18

degr.

(d)
(e) 5
10
15
(f)
(e) Figure 6.5 (continued) : 5° to 15° incidence, k = 0.3

(d) isoturbulence

—-10% Q

(f) chordwise fluctuations vu'?/Q scale :
uvv'/Q? scale : —— 1% Q?

(g) - Reynolds stress
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(a)

(b)

()

i= 7.36 degr. f=328,18 degr.

Figure 6.6 : 5° to 15° incidence,
(a) velocity vectors

(b) chordwise fluctuations vu'Z2/Q
{c) = Reynolds stress u'v'/Q?

-39-

k = 0,3
scale :

scale :

scale :

I T

—Q
— 108 Q
— 1% Q?

e




¥

i= B, 67 dogr‘. f=318. 23 degr.

W)

(d)

(e) 5

1

[==]

(£)

(8)
Figure 6.6 (continued) : 5° to 15° incidence, k = 0.3
(d) isoturbulence ‘
(f) chordwise fluctuations Yu'®/Q scale : —— 108 Q
(g) - Reynolds stress u'v'/Q? scale : —— 11 Q2

- 40 -




(a)

(b)

(c)

i= 6,67 degr. f=318. 23 degr.

Figure 6.7 :

(a) velocity vectors
(b) chordwise fluctuations Juri/Q

(¢) - Reynolds stress u'v'/Q*

« 41 =

5° to 15° incidence, k = 0.3
scale :

scale :
scale :

(a1

—Q
—10% Q
— 13 Q*




i= 8.14 degr. f=338.12 degr.

(d)

(e)

(£)

/V//

Figure 6.7 (continued) : 5° to 15° incidence, k = 0.3
(d) isoturbulence

(f) chordwise fluctuations vu'?/Q

scale : —— 10% Q
(g) - Reynolds stress u'v‘'/Q?

scale : — 18 Q2
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fF=348. B7 degr.

1= B. 97 degr.

(a)

BRI |y

o

(c) ~__
- * | 4[([>

Figure 6.8 ° 50 o 15° incildence. k = 0.3

(a) velocity vector3 acale ¢ Q

(b) chordwise fluctuations /oTE/q scale ® —10% Q
v/t scale —% Q

(¢) = Reynolds stress u'
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i= B.97 degr. f=348. 87 degr.

/ LA
—

Figure 6.8 (continued) : 5% to 15° incidence, k = 0.3
(d) isoturbulence

(f) chordwise fluctuations /u'?/Q scale : —— 108 Q

(g) - Reynolds stress u'v'/Q? scale : —— 1% @Q?
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(b)

i=10. 28

(c)

Figure 6.9 :

(a) velocity vectors

(b) chordwise fluctuations vu'?/Q

degr. f=

5° to 15° incidence,

(c) - Reynolds stress u'v'/Q?

-
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0. 88 degr.

k = 0.3
scale :

scale :
scale :
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ZZ

—Q
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— 15 Q?
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g
T/\/ i=10. 09 degr. f= 8.08 degr.

(d)
.
(e)
: 10
15
C LR
(£)

//uw,,/

Figure 6.9 (continued) :
(d) isoturbulence

(f) chordwise fluctuations Yu'*/Q scale : — 10% Q
(g) - Reynolds stress u'v'/Q?

5° to 15° incidence, k = 0.3

scale : — Xk
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f= G.894 degr.

i=10.B6 degr.

Iy )

(®)

(c)

5° to 15° incidence, k = 0.3
—Q

Figure 6,10 :
s&ale :
: — 10% Q

(a) velocity vectors
(b) chordwise fluctuations vu'1/Q scale :
scale : — 1% Q?

{c) - Reynolds stress u'v'/Q?
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i=10. 86 degr. f= G.84 degr.

(d)
(e)
)
10
15
/ a— /R /\
(£)
'/
()
Figure 6.10 (continued) : 5° to 15° incidence, k = 0.3
(d) isoturbulence
(f) chordwise fluctuations Ju'2/Q scale : —10% Q
(g) - Reynolds stress u'v'/Q? scale : —_ 1% Q2
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(¢)

i=11. 70 degr. f= 18.88 degr.

5° to 15° {nclden-~e, k = 0.3
scale :

Figure 6.11 :

(a) velocity vectors

(b) chordwise fluctuations Ju'*/Q

(e¢) - Reynolds stress u'v'/Q?
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scale :

-—Q
—10% Q
~— 13 Q?




(d)

(e)

(£)

(g)

i=11.78 degr.

= 19, 89 degr.

Figure 6.11 (continued) :

(d) isoturbulence
(f) chordwise fluctuations Ju'2/Q
(g) - Reynolds stress u'v'/Q?
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(b)

(c)

i=13. 208 degr. f= 39.78 degr.

d {

Figure 6.12 : 5% to 15° {ncidence, k = 0.3

(a) velocity vectors
{b) chordwise fluctuations Yu'2/Q
(c) - Reynolds stress u'v'/Q?

- 5) -

srale :
scale :

scale :

—Q
— 10% Q
— 11 Q*
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1=13, 20 degr. f= 39.78 degr.

(d)

(e)

()

(8)
Figure 6.12 (continued) : 5° to 15° incidence, k = 0.3
(d) isoturbulence
(f) chordwise fluctuations Ju'2/Q scale : —— 108 Q
(g) - Reynolds stress u'v'/Q? scale : — 1% Q?
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a

(a)

(b)

(e)

i=14, 32 degr. f= 58.67 degr.

/l
/

i

i

Figure 6,13 : 5° to 15° incidence, k = 0.3

(a) velocity vectors scale : —Q

(b) chordwise fluctuations vu'’/Q scale : — 103 Q
(c) - Reynolds stress u'v'/Q? scale : — 1% Q?
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(d)

(e)

(f)

(g)

i=14. 32 degr. f= 58.67 degr.

Figure 6.13 (continued) :

(d) isoturbulence
(r) chordwise fluctuations vu'2/Q

(g) - Reynolds stress u'v'/Q?
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— 10% Q
— 1% Q*




PUPPT N T,

i=15.08 degr.

(a)

(b)

(c)

Figure 6,14

(a) velocity vectors

(b) chordwise fluctuations J/a'3/Q

(¢c) - Reynolds stress u'v'/Q?
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f= 89.50 degr.
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5% to 15° incidence, k = 0.3

scale : —Q
scale : — 10% Q
scale : — 1% Q°




1=135. 00 degr. f= 89,58 degr.

(d)

(e)

()

(g)

Figure 6.14 (continued) :
(d) isoturbulence

5% to 15° incidence, k = 0.3

(f) chordwise fluctuations Yu'®*/Q scale : —— 10%Q

(g) - Reynolds stress u'v'/Q? scale 1 —— 1% Q?
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i=14, 36 degr. f=11G. 34 degr.

(a)

(b)
D
2D

(c)

Figure 6.15 : 5° to 15° incidence, k = 0.3
scale : —Q

(a) velocity vectors
(b) chordwise fluctuations Yu'2/Q scale : — 103 Q
u'v'/Q? scale : — 1% Q?

(¢) - Reynolds stress
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1=14, 36 degr. f=118,34 degr.

(d)

(e)

(£)

(g) Figure 6.15 (continued) : 5° to 15° incidence, k = 0.3
(d) isoturbulence
(f) chordwise fluctuations Yu'?/Q scale : — 10% Q
(g) - Reynolds stress u'v'/Q? scale : —— 1% Q?
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(c)

1212, 56 degr. f=148.17 degr.

Figure 6.16 : 5° to 15° incidence, k = 0.3

(a) velocity vectors écale . —=Q

{b) chordwise fluctuations vu'2/Q scale : — 10%Q
(c) - Reynolds stress u’'v'/Q? scale : — 1% Q2
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(d)

(e)

(£)

i=12. 56 degr. £=149. 17 degr.

Figure 6.16 (continued) : 5° to 15° incldence, k = 0.3

(d) isoturbulence
(f) chordwise fluctuations vYu'Z2/Q
(g) - Reynolds stress u'v'/Q?
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£=178. 81 degr.

1=10, 08 degr.

IW“(”H

(a)

(b)

(c)

5° o 15° incidence, k = 0.3
scale : -—Q
— 1018 Q

Figure 6.17 :
(a) velocity vectors

scale :

: — 13 Q*

(b) chordwise fluctuations Yu'?/Q
scale

(¢) ~ Reynolds streas u'v'/Q?
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1=10. 89 degr. £=179. 81 degr.

(d)

(e)

10

/)LJK]\

Figure 6,17 6.17 (continued) : 5° to 15° incidence, k = 0.3

(d) isoturbulence
(f) chordwise fluctuations Ju'?/Q scale : — 0% Q
(g) - Reynolds stress u'v'/Q? scale :+ —— 1% Q°
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= 7.59 degr. f=208.84 degr.

il
Py
Ll TN

(a)

ST
N [\ /
(c) -~ '
mo— " Z {:Z}
5° to 15° incidence, k = 0.3
scale : -~ Q
: — 108 Q

Figure 6.18 :
(a) velocity vectors

scale :

scale : — 1% Q*

{b) chordwise fluctuations /u'2/Q

(¢) - Reynolds stress u'v'/Q?

-63-




RERARA. sk o 2

(d)

(e)

(£)

iy
I
)
il

i

o

—

— —
=4

=

o

1

Figure 6.18 (continued)

(d) isoturbulence
(f) chordwise fluctuations Yu'?2/Q scale .

(g) - Reynolds stress
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u'v'/Q? scale :

S° to 15° {ncidence, k = 0.3
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i= 5,73 degr. f=238.67 degr,

(a)

IWU}””

(b)

(c)
- +

Figure 6.19 : 5° to 15° incidence, k = 0.3
(a) velocity vectors scale : —Q

(b) chordwise fluctuations vYu'?/Q — 10% Q
atv/Q? scale : — 1% Q?

scale :

(¢) = Reynolds stress
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(d)

(e)

(f)

(8)

Figure 6.19 (continued) : 5% to 15° incidence, k = 0.3
(d) isoturbulence

(f) chordwise fluctuations Yu'?/Q scale :
(g) - Reynolds stress u'v'/Q? scale : —— 1% Q?

~——10% Q
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PUPPCE S

{= S, 00 degr. f=268.51 degr.

(a)

(b) My

Figure 6.20 : 5° to 15° incidence, k = 0.3

(a) velocity vectors scile 1 —Q

(b) chordwise fluctuations Yu'?/Q scale : — 10% Q

(c) - Reynolds stress u'v'/Q? scale : — 1% Q?
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i= 5.00 degr. £=268. 51 degr.

(d)

(e)

(f)

(g)

Figure 6.20 (continued) : 5° to 15° incidence, k = 0.3
(d) isoturbulence

(f) chordwise fluctuations /u'2/Q scale : —— 10%Q

(g) - Reynolds stress u'v'/Q? scale : —— 1% Q7
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from De Ruyck and Hirsch [&]
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6 to 16 degrees,

Figure 6

frequency coefficient = 0.3, no end-plates
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6.3. Flow Near the Trailing Edge and in the Near Wake:

The experiments around the trailing edge have been made at 5 to 15
degrees incidence without any boundary layer tripping and at 8 to 18 degrees
incidence with the same tripping wires as in [6,7].

The development of the flow near the trailing edge and in the near wake
at 5 to 15 degrees incidence can be seen in figures 6.5 to 6.20 in a, b and
c. Two relevant and different trailing edge flows are shown on an enlarged
scale in figures 6.23 and 6.24. The figures a, b and c in these cases show
velocity vector, chordwise turbulence intensity and Reynolds shear stress,
respectively. The gradual growth of boundary layer towards the trailing
edge can be éasily recognized in all the figures (6.5 to 6.20).

If the flow near the leading edge separation bubble is excluded from this
part of the discussion, the maximum value of the chordwise turbulence
intensity and the Reynolds shear stress invariably occurs between 5% to 10%
chord downstream of the trailing edge in the pressure side of the wake in
all the figures (6.5 to 6.20 and 6.23 and 6.24). Downstream of 10% chord
from the trailing edge the values of the turbulence quantities reduce as {t
should in the far wake. Without further analysis of the data it is not
possible to say at what‘distance the wake becomes self preserving and what
is the effect of unsteadiness and trailing edge separation on {t. However,
the wake behaviour 1is close to e steaty state wake behaviour. From the
figures it is observed that :

(i) the turbulence intensity is relatively smaller near the centreline
of the wake,
(i1) the Reynolds shear stress is zero close to the centreline
(1i1) the turbulence intensity as well as the Reynolds shear stress
reach a peak in the side where half-wake width is small {(large
transverse gradients in velocity).
In the near wake from 5% to 10% chord downstream of the trailing edge, peaks
are observed at the pressuré side, and these peaks do not coincide with the
maximum values of velocity gradients. These peaks may be due to the effect
of streamwise curvature in the flow, which {s known to {ntroduce
"surprisingly large changes in the turbulence structure of shear
layers"[29]. According to Bradshaw[29], "These changes are usually an order
of magnitude more {mportant than normal pressure gradients and other
explicit terms appearing in the mean-motion equation. for curved flows".

The trailing edge separation is detected soon after the incidence exceeds

13 degrees (6.13 a). At the onset of trailing edge separation the chordwise
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turbulence intensity close to the surface remains unchanged but the Reynolds
shear stresses drop to near zero values, With the increase of incidence the
separation point moves upstream (6.13, 6.14). The separated portion over
the airfoil near trailing edge keeps growing even after the incidence
reduces after the maximum value (6.15, 6.16). More than 20% of the airfoil
is separated when the incidence is 12.56 degfees (6.,16). The activity in
this separated portion of the airfoill 1is relatively quiet as can be seen in
6.24, The velocity is reversed but the magnitude is very small: same order
of magnitude as the turbulence intensity. The chordwise turbulence
intensity falls to less than 25% of the maximum value measured at the same
chordwise station (which is detected around the separation 1line). The
Reynolds shear stress in this region is scattered around zero {ndicating a
very small correlation between u and v. The results obtained are comparable
with the wake results obtained by De Ruyck and Hirsch in ([2].

A gqualitative analysis of the velocity vectors near the trailing edge
confirms that during increasing incidence the velocity vector at the
trailing edge is tangential to the pressure surface. This is in accordance

with the Geising and Maskell trailing edge condition.

Figures 6.25 to 6.39 show the results of the measurements near the
trailing edge for 8 to 18 degees incidence and with the tripping wire
present at 10% chord. In the figures a) shows the velocity vectors, D)
shows the chorduisé turbulence intensities and c) shows the Reynolds shear
stress. For a better understanding of the strong interaction between
leading edge vortex and the flow at the trailing edge, the corresponding
figures of the mean flow field are reproduced from [5,6] in figures d),
wherever possible. It s remembered that these early experiments were
performed without end-plates,

The general observations at 5 to 15 degrees incidence can also be made in
this case: the maximum value of the turbulent intensity as well as the
Reynolds shear stress occur near S% chord downstream of the trailing edge in
the pressure side of the wake. Severe flow turning may be the cause as can
be seen in figures 6.32 to 6.34.

This series of figures starts with 17 degrees and increasing incidence
(6.25). The trailing edge separation boint in the present case has moved up
to 80% chord (6.25 a). The separated region again is a low activity region

with lower chordwise turbulence intensity (6.25 b), near zero Reynolds
shear stress (6.25 c) and the reverse flow velocity of the same order of
magnitude as the turbulent intensity (6.25 a). In 6.25 d it can be seen
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that the leading edge vortex has just started forming at the first measuring
station (15% chord). From figure 6.1 d it can be seen that this roughly
coincides with the incidence at which the reattachment point of the leading
edge separation bubble has reached 15% chord on its way to complete
separation. In the early experiments wiihout end plates the trailing edge
separation point has moved upstream of 60% chord position,instead of 80% in
the present case. Due to the leakages at the blade tips, the opposite
behaviour would- normally be expected (more downwash should delay the
separation), which means that the tip leakages affect the flow in a way
which {3 more significant than just a downwash velocity. In general the
earlier separation causes a general phase shift between thé complete flow
behaviour of the experiments with and without end-plates.

At higher incidence the separation point has moved upstream of the 80%
chord and the reversed flow velocity has noticeably increased (6.26 a, 6.27
a). The chordwise turbulence intensity also slightly increases, however the
Reynolds shear stresses show considerable scatter without any noticeable
increase in the mean value. The scatter indicates that wunder these
circumstances the ensemble averaging of 100 data points is not sufficient.

The rolling down of the leading edge Qortex (6.28 d) sweeps the trailing
edge separation point downstream of 80% chord zs the incidence reduces from
the maximum value (6.28, 6.29, 6.30). Upstream of this vortex front a
strong reversed flow is build up (6.31). The leading edge vortex itself is
already away from the chord line once it leaves the trailing edge and a
strong vortex of opposite vorticity forms in the near wake (figures 6.32,
6.33, 6.34). Large peak values of chordwise turbulence intensity and
Reynolds shéar stresses are observed during this process. After the passage
of this trailing edge vortex the flow near the trailing edge and the near
wake breaks down completely (figures 6.35).

In the fixed wire measurement (section 6.1) it was observed that the
cycle to cycle variation of the movement or.this separation point was quite
large. The scatter in the velocity vector as well as in the turbulence
quantities in 6.36, 6.37 and .38 is a result of this non-periodicities. The
figure 6.39 completes the cycle showing the steps leading to the sequence in
6.25. 1In this experiment, the flow just downstream of the trailing edge was
generally found to be parallel to the non-separated side of the trailing
edge.

Although there is a complete breakdown of the flow in the suction side
and formation of a number of large vortices close to the airfoil, the
Gelsing and Maskell trailing edge condition can be considered as valid close
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to the trailing edge, since In general the velocity at the trailing edge
remains tangent to the pressure side of the blade. Downstream of the
trailing edge however, the separating streamline is strongly distorted by
the trailing edge vortices and a complete analysis of the data including the
leading edge and trailing edge vortices will be necessary. In the analysis,
the indication suggested by Polling and Telionis [24] about non-zero loading
in the trailing edge and in the near wake should be taken in to account,

6.4 Comparison with previous work

The differences between the present experimental set up and the early
experiments of De Ruyck and Hirsch [1 to 6] are the presence of end-plates
and the absence of a tripping wire in the 5° to 15° test case.

When comparing the data for the 5° to 15° case the observed differences are
not relevant, although a significant downwash could be expected in the
absence of end plates in the early experiments. This can be explained by
the small size of the gaps between the blade ends and the tunnel walls (3%
chord). The tripping wire was placed at 10% chord distance from the leading
edge, whereas the laminar region i{s observed up to 15% chord, which gives

not much difference.

More difference is observed at 8° to 18° angle of attack. The gaps at the
blade ends enhance the separation, which may be due to an overall non-two
dimensional (but still symmetric) suction side flow. The earlier separation
causes an overall phase shift. Stronger return flows are also observed when

using end-plates.
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1=212.56 degr. f=148.17 degr.

(a)

(c)

Figure 6.23 : 5° to 15° incidence, k = 0.3
(a) velocity vectors

scale :
(b) chordwise fluctuations vu':/Q .scale :

(c) - Reynolds stress u'v'/Q? scale :
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i=10.86 degr. f= 9. 94 degr.
(a) —_— .
(b) Z{{g/ /j%él
(c) i /gf//
5° to 15° incidence, k = 0.3
scale : — 40% Q
— 4% Q

Figure 6.2u :
(a) velocity vectors

scale :

;. — .0u% Q?

(b) chordwise fluctuations vu'2/Q
u'v'/Q? scale

(¢) - Reynolds stress
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(a)

(b)

(c)

(d)

i=16. 82 degr. f= 48,72 degr.

LUy

Figure 6.25 : 8° to 18° {incidence, k = 0.3
(a) velocity vectors scale :
(b) chordwise fluctuations vu':/Q scale :

(c) - Reynolds stress u'v'/Q? scale :
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— 20% Q
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i=17,92 degr. f= 79.56 dagr.

(a)

(b)

(c)

Figure 6.26 : 8° to 18° incidence, k = 0.3

(a) velocity vectors scale : — 60% Q
(b) chordwise fluctuations Yu'?/Q scale : — 20% Q
(¢c) - Reynolds stress u'v',Q? scale : — .2% Q?
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(d)

1=18, BB degr. f= 89.358 degr.

Figur: 6.27 : 8° to 18° incidence, k = 0.3
(a) velocity vectors scale :

(p) chordwise fluctuations /u'3/Q  scale :

(¢) - Reynolds stress u'v'/Q? scale :
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(a)

(L)

(d)

i=17.93 degr. f= 98. 45 degr.

Figure 6.28 :

8° to 18° incidence, k = 0.3

(a) velocity vectors scale :

(b) chordwise fluctuations vu'?*/Q scale :

(c) =~ Reynolds stress u'v'/Q? scale :
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— 60% Q
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(d)

i=17,.72 dogr‘. f=1089. 39 degr‘.

(a)

(b)

(c)

Figure 6.29 : 8° to 18° incidence, k = 0.3

(a) velocity vectors scale :

(o) chordwise fluctuatjons vu'?/Q scale :

{¢) - Reynolds streas u'v'/Q? scale :
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Figure 6.30 : 8° to 18° incidence, k = 0.3
(a) velocity vectors scale :

(b) chordwise fluctuations vu':1/Q scale :

(c) - Reynolds stress u'v'/Q? scale
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(d)

i=15. 56 degr. £=148,17 degr.

(a)

(b)

Figure 6.31 : 8° to 18° incidence, k = 0.3
{a) velocity vectors asc.le = — 60% Q

(b) chordwise fluctuations Yu':/Q scale : — 20% Q
(¢) - Reynolds stresas u'v'/Q? scale : = .2% Q7
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Figure 6.32 : 8° to 18° incidence, k = 0.3
(a) velocity vectors scale : — 60% Q

(b) chordwise fluctuations Yu'?/Q scale : — 20% Q
utv'/Q? scaie : — .2% Q*

(c) - Reynolds stress
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Figure 6.33 : 8° to 18° incidence, k = 0.3

(a) velocity vectors scale : — 60% Q
(b) chordwise fluctuations Yu'l/Q scale ; — 20% Q
(¢c) - Reynolds stress u'v'/Q? acale : — .2% Q*
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Figure 6.34 : 8° to 18° tncidence, k = 0.3

(a) velocity vectors scale :

{b) chordwise fluctuations vu'Z/Q scale :

(¢) - Reynolds stress u'v'/Q? scale :
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Figure 6.35 : 8° to 18° incidence, k = 0.3

(a) velocity vectors scale : ~— 60% Q

(b) chordwise fluctuations /u':/Q scale : — 203 Q

(¢) - Reynolds stress u'v'/Q? scale : — .2% Q?
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Figure 6.36 : 8° to 18° fncidence, k = 0.3
scale : — 60% Q

(a) velocity vectors

(o) chordwise fluctuations Ja'i/q scale : — 20% Q
u'v'/Q? scale : — .2% Q?

(c) - Reynolds stress
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Figure 6.37 : 8° to 18° incidence, k = 0.3
(a) velocity vectors

(b) chordwise fluctuations vu'2/Q
(c) - Reynolds stress wu'v'/Q?

-89 -

. scale :
scale :

3cale :

— 60% Q
— 20% Q
— .2 Q@

e



(a)

(b)

(c)

1= 9,67 degr. f=318.23

Figure 6.38 : 8% to 18° fncidence, k ~ 0.3

(a) velocity vectors scale :

(b) chordwise fluctuations /u'?/Q scale :

(¢) - Reynolds stress u'v'/Q? scale :
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8° to 18° incidence, k ~ 0.3
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Figure 6.39 :
(a) velocity vectors
scale : — 20% Q

— .28 Q?

(b) chordwise fluctuations vu'2/Q
u'v'/Q? scale :

{(c) - Reynolds stress
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7. CONCLUSIONS

In the present work experimental data are obtained about leading edge and
trailing separations. The formation of a leading edge bubble has been
observed, with laminar separation, transition and turbulent reattachment.
The bubble s very thin and the exact separation point is to be found by
measurements very close to the wall, preferably with flush mounted sensors.
Leading edge stall {s found to be triggered by the bursting of the leading
edge bubble, soon after the static stall limit is exceeded. No {interaction
with the trailing edge separation i{s observed, Strong turbulence is
observed in the shear layer above the bubble.

The trailing edge separation is a low speed, low turbulence event, with
near zero Reynolds shear stresses. A weak vortex can be formed at high
angles of attack., The passage of the leading edge vortex disturbs the
trailing edge pattern into a high energy area with strong turbulence. The
Geising and Maskell trailing edge condition is valid {n all cases, as far as

the flow close to the trailing edge is considered.

when compared to the early experiments of De Ruyck and Hirsch 7! to 6],
it is found that the ;resence of gaps at the blade ends, and the presence of
a tripping wire at 0% chord distance of the leading edge has no significant
effects of the overall flow behaviour in unstalled conditions. At higher
angles of attack, differences are observed due to three dimensional effects
of the uncovered blade ends in the early experiments, where the separation

occurs sooner and less return flow (s observed.

The test case 5° to 15° degrees delivers a complete set of data from

leading edge to near wake, including data about the leading edge bubble.

Future work should be directed at an extensive analysis of the obtained
data, eventually complemented by similar data at the other incidences. This

should be done {n connection with numerical solutions.
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Profile Shape cf the Leading Edge

Aggendix 1

Y mm
(Modified)
o]
4.2
5.9
7.4
8.5
9.5
1G.3

1.1
11.8
12.4
1341
13.7
14,3
14.8
15.2
15.7
16,1
16,1
17.0
17.4
17.8
19.7
21.4
22.9
4.2
25.4
26.5
27.4

Y mm
(With tripping)
0
4,3
6.0
7.2
8.2
9.1
3.8
10.6
1.2
11.9
12.5
12.5
13.5
14.0
14,6
15.0
15.5
15.5
16.3
16.7
17.0
18.9
20.4
21.8
23.1
24,4
25.5

-96-

v




Stations Near the Leading Edge

AEEendix 2

pDistance from L.E.

along the surface

Position

in mm
1(p) 19
2 29
3 34
4 39
5(p) 43
6 49
7(p) 59
8 69
9(p) (Al
10 79
11(p) 88
12 89
13 99
14(p) 104
15 109
16(p) 155
17(p) 211
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in mm

11.7
20.9
25.6
30.4
34.4
39.9
49.2
58.8
61.0
68.4
77.3
78.0
87.7
93.0
97.4
143.8
199.9

x/c $

1.94
3.46
4,24
5.03
5.7
6.61
8.15
9.74
10.1
11.32
12.8
12.91
14.52
15.4
16.13
23.8
33.1




Appendix 3

Stations for Rotating Wire Measurements

Position x/c §
1 -0.5
2 1.9%
3 5.7
u 8.15
5 10.1
6 12.8
7 15.4
8 23.8
9 33.1

10 1.5
1 50.1
12 60.5
13 711
1 80.5
15 90.2
16 95.4
17 98.2
18 99.5

19 100.7

20 102.0

21 105.0

22 110.0

23 120.0
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